Introduction
============

Myelodysplastic syndromes (MDS) are a heterogeneous group of clonal hematopoietic disorders that are characterized by abnormal cellular maturation resulting in cytopenia and a variable risk of progression to acute leukemia.^[@b1-1040929]^ Allogeneic stem-cell transplantation is still the only curative treatment option.^[@b2-1040929]--[@b4-1040929]^ In order to recommend MDS patients for transplantation besides considering only disease-specific factors, such as those proposed by the International Prognostic Scoring System (IPSS) and its revision (IPSS-R),^[@b5-1040929],[@b6-1040929]^ a valid and readily reproducible transplant-specific scoring system is needed.^[@b7-1040929],[@b8-1040929]^

Recently, two groups have developed prognostic systems incorporating patient-specific as well as transplant-specific factors. The *Gruppo Italiano Trapianto di Midollo Osseo* (GITMO) registry developed a transplantation risk index consisting of the following factors: age (\<50 or ≥50 years), IPSS-R score (low, intermediate, high, or very high), monosomal karyotype (yes or no), refractoriness to chemotherapy (yes or no), and Hematopoietic Cell Transplantatiom Comorbidity Index score (HCT-CI).^[@b9-1040929]^ The resulting risk index could clearly distinguish four different groups (low, intermediate, high, and very high) with corresponding overall survival rates at 5 years of 76%, 48%, 18%, and 5%. The other prognostic score, by the Center for Blood and Marrow Transplant Research (CIBMTR) registry, included the following criteria: age (18-29, 30-49, or ≥50 years), Karnofsky status (90-100 or \<90%), cytogenetics (very good to intermediate, poor, very poor or monosomal karyotype), blood blasts before transplantation (\>3 or ≤3%) and platelet count before transplantation (\>50 or ≤50 × 10^9^/L). This system also discriminated four risk groups (low, intermediate, high, and very high) and showed corresponding overall survival rates at 3 years of 71%, 49%, 41%, and 25%.^[@b10-1040929]^ Both systems resulted in relevant re-classification of patients in comparison with the IPSS-R while providing only modest improvement in predictability. While neither score has been externally validated nor investigated regarding prognostic power in large and independent cohorts, we hypothesized that both scores not only vary in design and follow-up but would also vary in prognostic ability when applied to the same cohort.^[@b7-1040929],[@b8-1040929]^

We, therefore, aimed to develop and validate a clinical and transplant-specific prognostic score using data from a large cohort of MDS patients reported to the European Society for Blood and Marrow Transplantation (EBMT) registry and to validate and compare currently existing systems with respect to the resulting EBMT transplant-specific risk score.

Methods
=======

Data source
-----------

The EBMT is a voluntary organization that comprises more than 500 transplant centers, mainly from Europe. Membership requires submission of the minimal essential data form A for all consecutive patients to a central registry from which patients can be identified by diagnosis of underlying disease and type of transplantation. The information in the minimal essential data form A data is updated annually. Informed consent to transplantation was obtained and data were collected locally according to regulations that were applicable at the time of transplantation. All transplantation centers were required to obtain written informed consent before data registration with the EBMT in accordance with the 1975 Helsinki Declaration.

Patients
--------

Adult patients (≥18 years) with MDS who underwent transplantation from an HLA-identical sibling or matched unrelated donor between 2000 to 2014 were included. Patients were eligible if there was full information on their: diagnosis, donor data, cytogenetic risk, platelet count and blood blasts at transplantation. Cytogenetic risk was stratified based on previously established systems.^[@b6-1040929],[@b11-1040929]^ The prognostic subgroups were the following: del(11q) and -Y (very good); del(5q), del(12p), del(20q), and normal karyotype (good); del(7q), +8, i(17q), +19, and other independent clones (intermediate); complex karyotype (three abnormalities), inv(3), del(3q), and translocations involving 3q (poor), and very complex karyotype with more than three abnormalities (very poor). Monosomal karyotype was defined as monosomy of two or more chromosomes or one single autosomal monosomy in the presence of other structural abnormalities.^[@b12-1040929]^ The IPSS-R was calculated prior to transplantation. In total, 1059 patients met the criteria and were included in the EBMT cohort. To evaluate possible selection bias, outcomes were compared between the final cohort and remaining patients not included in the analysis due to missing data in the registry (n=5122). Within the EBMT cohort, 519 and 876 patients had full data on all factors included in either the GITMO or CIBMTR score.

Score development
-----------------

The development of the transplant-specific risk score consisted of two steps. First, a Cox proportional hazards model using backward and forward selection was used to identify significant covariates for overall survival.^[@b13-1040929]^ Then, the hazard ratios (HR) obtained were classified as large (HR \>1.59), intermediate (1.25\< HR \<1.60) and small (HR \<1.25). Subsequently, a scoring rule was defined in which large effects were assigned two points, intermediate effects were assigned one point and small effects were assigned zero points. Scores were grouped based on associated hazard ratios into low-, intermediate-, high-, and very high--risk groups, providing group-based risk predictions for MDS. A second score was developed, based on the β coefficients derived from the model defined above, to provide individualized/patient-specific risk predictions. Second, both developed scores were validated and then compared to existing systems by assessing each score's prognostic performance.

Statistical analysis
--------------------

Overall survival and relapse-free survival were estimated using the Kaplan-Meier method and compared with the log-rank test in univariable analysis. Non-relapse mortality and relapse were analyzed in a competing risks framework by using the cumulative incidence estimator and the Gray test for univariable analysis.^[@b14-1040929]^ Cox proportional hazards regression of complete data was used to develop the two new scores. Maximum likelihood from the Cox model was used to establish cutoffs for continuous variables. Score performance was analyzed using the concordance index (C): the probability that a patient who experienced an event had a higher risk score than a patient who did not (C \>0.5 suggesting predictive ability).^[@b15-1040929],[@b16-1040929]^ Each system was validated using 5-fold cross-validation with 100 repetitions. *P* values \<0.05 were considered statistically significant. Analyses were performed using SPSS for Windows version 24 (SPSS, Chicago, IL, USA) and R package version 3.4.3 (The R Foundation, Vienna, Austria).

Results
=======

Patients
--------

The characteristics of the patients and transplants of the total EBMT cohort (n=1059) are listed in [Table 1](#t1-1040929){ref-type="table"}. The median follow-up was 69 months (95% CI: 62-76) and the 5-year overall survival was 38.6% (95% CI: 35.4-41.7) while the relapse-free survival was 33.5% (95% CI: 30.4-36.6).

###### 

Patient and transplantation characteristics of 1059 patients with myelodysplastic syndromes in the total EBMT cohort.

![](104929.tab1)

Transplant-specific risk score
------------------------------

[Table 2](#t2-1040929){ref-type="table"} summarizes the seven variables identified as independent predictors of overall survival in the multivariable analysis: age ≥50 years, matched unrelated donor, Karnofsky Performance Status \<90%, very poor cytogenetics or monosomal karyotype, positive cytomegalovirus (CMV) status of the recipient, blood blasts \>1%, and platelet count ≤50 × 10^9^/L at the time of transplantation. A weighted score of two was assigned to older age (≥50 years) and very poor cytogenetics or monosomal karyotype, whereas matched unrelated donor, Karnofsky Performance Status \<90%, positive CMV status of the recipient, blood blasts \>1%, and platelet count ≤50 × 10^9^/L prior to transplantation were assigned a score of one.

###### 

Multivariate analysis on overall survival showing seven independent risk factors after stepwise selection using a Cox proportional hazards model.
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The overall score ranged from zero to nine, with increasing scores indicating higher risk of death. Based on the score, four risk groups were delineated: low (0-1), intermediate (2-3), high (4-5), and very high (\>5). The hazard ratio for death (with the low-risk group as the reference) was 2.02 (95% CI: 1.41-2.90) for the intermediate-risk group, 3.49 (95% CI: 2.45-4.97) for the high-risk group, and 5.90 (95% CI: 4.01-8.67) for the very high--risk group. Corresponding survival rates were 68.7% for the low-risk group, 43.2% for the intermediate-risk group, 26.6% for the high-risk group, and 9.5% for the very high-risk group. Overall, the EBMT transplant-specific risk score was predictive of overall survival (*P*\<0.001) ([Figure 1](#f1-1040929){ref-type="fig"}).

![Kaplan-Meier analysis of survival following allogeneic stem cell transplantation in patients with myelodysplastic syndrome stratified according to each risk group of the EBMT transplant-specific risk score. (A) Overall survival. (B) Relapse-free survival. (C) Cumulative incidence of relapse. (D) Non-relapse mortality.](104929.fig1){#f1-1040929}

Secondary endpoints
-------------------

The EBMT cohort was also used to apply the developed score to all secondary objectives. The developed score (overall and in all risk groups) was associated with all secondary endpoints (*P*=0.001) ([Table 3](#t3-1040929){ref-type="table"} and [Figure 1B-D](#f1-1040929){ref-type="fig"}). The 5-year relapse-free survival rate was 68.4% (95% CI: 58.4-78.4) for the low-risk group, 43.3% (95% CI: 37.2-49.4) for the intermediate-risk group, 26.0% (95% CI: 20.7-31.3) for the high-risk group, and 11.5% (95% CI: 5.4-17.6) for the very high-risk group (*P*\<0.001) ([Figure 2B](#f2-1040929){ref-type="fig"}). The cumulative incidence of relapse and non-relapse mortality at 5 years according to risk group were, respectively: 16.9% and 12.8% (low-risk group), 28.2% and 27.7% (intermediate-risk group), 36.0% and 36.9% (high-risk group), and 46.0% and 44.3% (very high-risk group) ([Figure 2C,D](#f2-1040929){ref-type="fig"}).

###### 

Transplant-specific MDS risk score prediction of relapse-free survival, non-relapse mortality and incidence of relapse.
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![Nomogram of the EBMT transplant-specific risk score: for each of the seven prognostic factors. Corresponding points are assigned, which are subsequently summed to make a total point scale. This final score is then translated into predicted survival rates at different time points for each patient. CMV: cytomegalovirus; Tx: transplantation; MK: monosomal karyotype; 12m: 12-month; 36m: 36-month; 60m: 60-month.](104929.fig2){#f2-1040929}

Nomogram
--------

We aimed to refine the transplant-specific risk score further by using age and platelet count at transplantation as continuous variables while the other variables remained in their categorical structure. We provide a discrete/continuous nomogram to interpolate the final score and assess an individual patient's risk in an easy manner ([Figure 2](#f2-1040929){ref-type="fig"}). For each of the seven prognostic factors, individual points are assigned, which are subsequently summed to a total point scale. The final score is then translated into predicted survival rates at different time points for each patient. For instance, 55-year old patients presenting with a platelet count of 150 × 10^9^/L, blasts ≤1%, good cytogenetics, a Karnofsky Performance Status of 90% who are seropositive for CMV and for whom an identical sibling donor is available show estimated survival rates at 3 and 5 years of 57% (95% CI: 51-63) and 47% (95% CI: 41-54), respectively.

Validation of existing systems
------------------------------

The overall score from the CIBMTR ranged from zero to seven and was used to define four risk categories: low risk (0-1, n=46), intermediate risk (2-3, n=434), high risk (4-5, n=365), and very high risk (\>5, n=31). The 5-year overall survival rates were 55.8% (95% CI: 39.9-71.7) for the low-risk group, 42.3% (95% CI: 37.2-47.4) for the intermediate-risk group, and 27.2% (95% CI: 21.9-32.5) for the high-risk group. Rates were not estimable in the very high-risk group because the median follow-up was 42.6 months in this group while median overall survival was 11.8 months (95% CI: 3.1-20.4) ([Figure 3A](#f3-1040929){ref-type="fig"}). The GITMO score values ranged from zero to eight. The actual score delineated four risk-groups: low (0-1, n=81), intermediate (2-3, n=200), high (4, n=123), and very high (\>4, n=115). The overall survival rates at 5 years were 62.7% (95% CI: 51.7-73.7) for the low-risk group, 41.4% (95% CI: 34.0-48.8) for the intermediate-risk group, 24.1% (95% CI: 15.1-33.1) for the high-risk group, and 15.8% (95% CI: 8.2-23.4) for the very high-risk group ([Figure 3B](#f3-1040929){ref-type="fig"}). Overall, both scores could be validated (*P*\<0.001).

![Kaplan-Meier analysis of survival following allogeneic stem-cell transplantation in patients with myelodysplastic syndrome stratified according to their risk group. (A) Center for International Blood and Marrow Transplant Research (CIBMTR) registry. (B) *Gruppo Italiano Trapianto di Midollo Osseo* (GITMO) registry.](104929.fig3){#f3-1040929}

Comparison of prognostic systems
--------------------------------

Both existing scores from GITMO and CIBMTR were then compared with the developed EBMT transplant-specific risk score with respect to their performance regarding overall survival. The CIBMTR and GITMO scores showed modest performance, with C-statistics after cross-validation being 0.555 (95% CI: 0.524-0.586) and 0.579 (95% CI: 0.570-0.588), whereas the IPSS-R resulted in C-statistics of 0.551 (95% CI: 0.530-0.566). The developed categorized EBMT transplant-specific risk score showed C-statistics of 0.609 (95% CI: 0.588-0.629) indicating an improvement in prognostic performance, which was further improved using age and platelet count as continuous variables as indicated by the C-statistics of 0.628 (95% CI: 0.616-0.637).

Discussion
==========

The major findings of this analysis can be summarized as follows. First, seven independent risk factors (age, cytogenetics, thrombocytopenia and increasing blood blasts at transplantation, Karnofsky Performance Status, donor relation, and CMV status of the recipient) could be successfully incorporated into a transplant-specific risk score. Second, this EBMT transplant-specific risk score enabled significantly improved prediction of outcome in comparison with currently existing systems.

The EBMT transplant-specific risk score presented here considered conventional clinically derived risk factors at transplantation and can thus be readily calculated. The primary objective in developing this score was to improve our ability to predict survival of MDS patients after transplantation; furthermore, the score was predictive of relapse-free survival, relapse and non-relapse mortality. Moreover, sub-analyses of all MDS patients in the EBMT registry (n=6181), of whom 5122 were not included in the present study because of missing data, revealed a better overall survival rate at 5 years for excluded patients (48%) compared with that of the patients used to develop the score (39%) while non-relapse mortality was 29%, respectively. Most patients had to be excluded because of missing information regarding cytogenetics. Multiple imputation of these patients revealed no difference in score performance. Collectively, the prognostic ability could be improved using the proposed EBMT transplant-specific risk score while C-statistics still showed moderate power; thus, prognostic systems in MDS may be validated and updated offering improved risk stratification if more data become available in the registries in the future.

While another study by the EBMT assessed the prognostic utility of the IPSS-R in patients following transplantation, finding modest applicability of this disease-specific approach,^[@b17-1040929]^ we evaluated two systems that used transplant- and patient-related approaches. The CIBMTR score showed limited to modest performance (0.555) but resulted in an even better prognostic ability (with a concordance index up to 0.582 after cross-validation) in our cohort than originally reported (0.575) while the GITMO score showed better performance (0.579). We acknowledge the limitation of the lack of information regarding the HCT-CI in a sufficient number of patients, which could therefore not be included in the final multivariable model for the development of the EBMT transplant-specific risk score. The Karnofsky Performance Status was used instead. However, the actual performance status of a patient may vary according to clinicians or at different times during the transplantation evaluation. Other tools evaluating patient fitness, including the HCT-CI may be additionally used as they become available in larger populations.

To investigate to what extent a transplant-specific approach will be generally feasible, we evaluated the prognostic power of the IPSS-R resulting in C-statistics of 0.551 (95% CI: 0.530-0.566), confirming that transplant-specific risk stratification may enable optimized counseling of patients. However, although the proposed EBMT transplant-specific risk score demonstrated improved prognostic capacity over the IPSS-R, the magnitude of this benefit was still moderate, suggesting that the combined use of prognostic systems may provide the most appropriate prognostication, until systems with significantly better performance become available.

None of the existing scores investigated the possible impact of CMV on outcome. CMV is an important cause of morbidity and mortality after allogeneic stem-cell transplantation.^[@b18-1040929]^ During recent years, major advances have been achieved regarding antiviral prophylactic strategies, and new sensitive diagnostic techniques have been developed.^[@b19-1040929]--[@b21-1040929]^ A recent evidence synthesis of the efficacy and safety of different prophylactic strategies for CMV highlighted inconclusive results in terms of survival while CMV disease and infection could be significantly reduced using antiviral agents.^[@b20-1040929]^ Furthermore, it is unclear whether different prophylactic agents for graft-*versus*-host disease increase the risk for CMV infection or disease after transplantation. Aggregated evidence did not show an increased risk for CMV reactivation in randomized trials on antithymocyte globulin, which was given to 46% of our EBMT cohort, in comparison with standard prophylaxis using cyclosporine and methotrexate or tacrolimus.^[@b22-1040929]^ Further analyses, however, showed no significant impact of T-cell depletion or the presence of acute graft-*versus*-host disease at baseline on outcome of antiviral prophylaxis in terms of CMV infection, survival or safety.^[@b20-1040929]^ Hence, the CMV serological status of the transplant recipient still has a strong influence on outcome.^[@b23-1040929]^ In our analysis, a positive CMV serostatus of the recipient was associated with a 39% increased risk of death, as well as higher rates of non-relapse mortality. The significant impact of CMV on outcome in a multi-variable model in this large cohort of MDS patients supports further evaluation of antiviral agents, such as letermovir, affecting not only CMV infection and disease but also mortality.^[@b20-1040929],[@b21-1040929]^

The role of molecular genetics after transplantation has been investigated recently. Most studies^[@b24-1040929]--[@b26-1040929]^ found a negative impact on outcome in patients with p53 mutations while one study^[@b26-1040929]^ suggested that p53 as well as RAS-pathway mutations were mainly seen in patients carrying complex karyotypes. Although molecular genetics have not been included in any existing system and were not available in a suitable number of patients in this analysis, incorporation of genomic aberrations may refine systems in the future.

Regarding conditioning regimens, the introduction of reduced-intensity conditioning has resulted in a significant reduction of transplant-related toxicity and mortality.^[@b27-1040929]^ Our analysis, in line with the CIBMTR study, found at least similar effects of reduced-intensity and myeloablative regimens. As with any retrospective analysis, these results are prone to bias. Patients perceived as being at greater risk might have been favorably treated using myeloablative conditioning. In our study, patients receiving reduced-intensity conditioning were even older and showed a worse performance status than patients given myeloablative conditioning. This observation is supported by a recent prospective study by the EBMT,^[@b28-1040929]^ in which it was found that the administration of reduced-intensity conditioning before transplantation in MDS patients resulted in at least an equivalent survival trend for a better overall survival at 2 years, whereas non-relapse mortality appeared to be higher after using myeloablative conditioning.

In conclusion, this EBMT transplant-specific risk score could improve prediction of outcome for MDS patients undergoing allogeneic stem-cell transplantation. This readily available score enables optimized clinical decision-making with respect to allogeneic stem-cell transplantation in patients with MDS.
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